High-intensity exercise depends on energy not only from aerobic processes, but also from anaerobic processes. The main anaerobic source of energy is a breakdown of glycogen to lactate in the working muscles. Part of the lactate produced is released to the blood where it is easily measured. It has been known for more than 70 years that the blood lactate concentration may not reflect the concentration in exercised or stimulated muscle [1] . The blood lactate concentration is nevertheless often used to quantify the anaerobic energy release during exercise.
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A quantitative evaluation of the blood lactate concentration and to what extent it reflects the anaerobic energy release is still missing. There is especially incomplete data on how much lactate is released from the muscles and how large the extracellular distribution volume is. We have suggested that at most, 10% of the lactate produced during intense bicycling is released to the blood during exercise [2] , and Hermansen and Vaage [3] suggested that no more than another 10% is released in the recovery. These views have been criticized, since 35% of all lactate produced may be released during 3 min knee extensor exercise, and another 35% may be released in the recovery period [4] . Thus it could be that former studies [2, 3] have underestimated the lactate release during exercise, but it could also be that data from studies activating a small muscle mass (one knee extensor muscle, ϳ4% of the body mass [4] ) are not relevant for exercise activating a large muscle mass (bicycling, ϳ25% of the body mass), and vice versa.
Abstract:
To study the release of lactate from muscle and its relationship to the blood lactate concentration during and after intense bicycling, young men cycled at 5.5 W kg Ϫ1 body mass for 2 min to exhaustion or stopped after 1 min (nonexhaustive ride). The leg's release of lactate during and after each ride was taken from the measured blood flow and lactate concentrations in arterial and femoral-venous blood. Muscle biopsies were taken in separate experiments and analyzed for lactate. During the bicycling, 6 to 10% of the lactate produced was released to the blood. During exercise and for the first few minutes after, the rate of lactate release did not differ between 2 min exhaustive and 1 min nonexhaustive bicycling. The integrated release (exercise plus recovery) for the 1 min bicycling was 60 to 80% of the corresponding value of the 2 min exhaustive bicycling. In the late recovery, the blood lactate concentration was 3 to 5 times higher after 2 min exhaustive bicycling than after the 1 min nonexhaustive bicycling. There was thus a mismatch between the amount of lactate released and measured concentration in blood, reflecting a smaller distribution volume after the exhaustive bicycling. The blood lactate concentration may therefore not be a good measure of the lactate production and anaerobic energy release during bicycling. [Japanese Journal of Physiology, 51, [303] [304] [305] [306] [307] [308] [309] [310] [311] [312] 2001] even when the anaerobic energy releases are the same [5] . This could mean that the amount of lactate released differs between subjects and between experimental conditions. However, even small electrolytes such as bicarbonate [7] and lactate [8] distribute slowly in the extracellular space, taking 10-20 min before near equilibration is reached. It could be that the distribution volumes differ between subjects and experimental conditions, thus giving different blood lactate concentrations even when the amounts released are the same.
To examine the relationship between the leg's release of lactate and the blood lactate concentration, we let subjects bicycle for 2 min to exhaustion. We also let the subjects cycle at the same power for 1 min and thus stop before exhaustion. Blood was drawn from indwelling catheters in the femoral artery and vein, the leg blood flow was measured, and the leg's release of lactate was calculated from these measurements. The extracellular distribution volume of lactate was also estimated. We hypothesized that the distribution volume of lactate released from the leg after exercise may vary between conditions.
SUBJECTS, PROCEDURES, AND METHODS
Subjects. Eight healthy and moderately trained men 24Ϯ2 year old (meanϮSD), 1.83Ϯ0.05 m tall, and with a body mass of 80Ϯ4 kg served as subjects in this study. Their maximal O 2 uptake was 40Ϯ2 mol s Ϫ1 kg Ϫ1 (54Ϯ3 ml STPD kg Ϫ1 min Ϫ1 ). The subjects were thoroughly informed about the purpose of the experiments and the practical details before they gave their written consent to participate. The experiments were approved by the Ethics Committee of Health Region 1 in Norway. Seven subjects served in the catheterization experiments, and the eighth subject served only in the Doppler-flow measurements (see below).
Procedures. All exercise was done on an electrically braked Krogh-type bicycle ergometer [9] at a pedaling frequency of 1.5 Hz. The frequency was continuously shown to the subjects on an analog instrument. Thus only negligible deviations between the preset and the actual power was found in all experiments [10, 11] . The ergometer was equipped with a work meter counting the flywheel's revolutions and thus also including the run-off after each exercise. Flat pedals with no straps were used, and work was therefore done only during the downward push.
During pretests during the last weeks before the experiments, the maximal O 2 uptake was measured, and the highest power each subject could keep for 2 min was established.
In the experiments described below, we measured the leg blood flow during and after exercise. Our preferred method was the ultrasound Doppler method, which is noninvasive, precise, and allows for continuous measurements. However, that method requires that the leg is not moved but kept in a fixed position, which is not possible during bicycling. Moreover, there is an upper limit on the blood flow velocity that our instrument could accept. The leg blood flow during exercise and for about the first 1 min after was too high to be measured by the Doppler ultrasound instrument we used. We therefore used the dye dilution technique during exercise and in the early recovery. That method gave values similar to that of the ultrasound Doppler method in the early recovery.
Catheterization [12] . After the catheters were inserted, the subject warmed up for 15 min at a power corresponding to ϳ50% of his maximal O 2 uptake, followed by a 10 min rest. He then cycled for 1 min at the power established during the pretests to lead to exhaustion in 2 min. Blood samples were drawn from the femoral artery and vein in parallel in syringes before the exercise, after 30 s of exercise, at the end of the exercise, and 1, 3, 6, 10, 15, 20, 30, and 45 min after the ride.
After a 1 h rest, the subject warmed up again and the procedures were repeated. During this second experiment, however, he cycled for ϳ2 min to exhaustion. Blood samples were drawn before the ride, after 90 s of bicycling, and 0, 1, 3, 6, 10, 15, 20, 30, 45 , and 60 min after the exhaustive bout.
After 10, 30, 60, and 90 s of bicycling, immediately after exercise, and 1 and 3 min into the recovery period, the leg blood flow was measured by the dye dilution technique by injecting indocyanin green (Cardiogreen, Becton Dickinson Microbiology Systems, Cockeysville, MD, USA) in the artery. The concentration of the injected dye was then measured in femoral-venous blood on a DC-410 cuvette feeding the signal to a CO-10A cardiac output computer (Waters Instruments, Rochester, MN, USA) and further to a PC run under LabVIEW TM (Graphical Programs for Instrumentation, National Instruments Corporation, Austin, Texas, USA).
Immediately after each sample was taken, the catheters were flushed with Ͼ5 ml of heparinized isotonic saline, and continuous flushing at a rate of 3 ml h Ϫ1 was also done between each sample [12] . After the experiment, the catheters were removed and a manual compression over the insertion site was kept for 30 min. No hematoma was seen for any subject. A bandage applying moderate pressure was put over the insertion site and kept so for at least 1 d, and the subject was denied all physical activity, including stair climbing and heavy lifting for 1.5 d.
Immediately after each sample was drawn, a volume of 0.5 ml of blood was transferred to a separate tube for measurements of the blood lactate concentration. Within 2 to 5 min after the sample was taken, a volume of 3 ml of blood was centrifuged at 17.8 km s Ϫ2 (1,800ϫg) for Ͼ10 min. Plasma was then pipetted off, frozen, and stored at Ϫ20°C for later analyses of the plasma lactate concentration.
Blood flow measurements with the Doppler ultrasound technique. On a separate day, six subjects (five of those taking part in the catheterization experiments and one other) repeated the 1 min nonexhaustive and the 2 min exhaustive bicycling, separated by a 1 h rest and new warming up. The leg blood flow was measured repeatedly during each of the 1 h recovery periods by use of an ultrasound Doppler technique (CFM 750 Vingmed Sound, Horten, Norway; see Walløe and Wesche [13] for details). During these measurements, the duplex transducer was handheld in the groin, and the sample volume was placed in the femoral artery just proximal to the inguinal ligament. The insonication beam angle was kept at 50 gon (45°) under continuous visualization.
Muscle biopsy experiments. On a third day, the subjects again repeated the 1 min nonexhaustive and the 2 min exhaustive bicycling. Before and immediately after these rides, muscle biopsies were taken from the knee extensor muscle as described in more detail elsewhere [6] .
Analyses. The maximal O 2 uptake was established as described elsewhere [6] . The lactate concentration in whole blood, plasma, and muscle was measured by enzymatic photofluorometry according to Passoneau and Lowry [14] . Since day-to-day variations could affect at least the measured arterio-venous differences, all samples from each subject were measured on the same day. The error (SD) in single measurements was 0.1 to 0.3 mmol l Ϫ1 [15] .
Calculations and statistics.
Blood flow measurements. The leg blood flow during exercise was calculated from the measured concentration of indocyanin green in the femoral vein by a program written under LabVIEW TM . For the ultrasound Doppler blood flow velocity measurements carried out after exercise, a built-in average frequency estimator was used to calculate the cross-sectional average velocity and transferred online to a dedicated data collection program. The internal diameter of the femoral artery was measured on the 2D scanner image at rest before the exercise. The blood flow in the femoral artery was calculated as the product of the velocity and the cross-section area, assuming a circular cross-section of the artery (see Walløe and Wesche [13] for further details).
Blood flows with the ultrasound Doppler technique were not obtained from two subjects who took part in the catheterization experiments. The blood flows for these two subjects in the recovery after exercises were estimated by using the mean value of the rest of the subjects. Cross-validation [16] suggest that this approach gave unbiased estimates with an imprecision (SD) of 16% for individual values, giving an estimated standard error of 5% for the calculated releases. This is much less than the individual variations and is thus regarded as being of little importance here.
The leg's accumulated release of lactate was taken by integrating the rates of release at different time points by the trapezoid method [17] .
Comparisons between lactate production and lactate release. In our calculations we assume that the working muscle mass in one leg drained by the femoral vein below the sampling site is 10% of the body mass. It has been shown that the anaerobic energy release during bicycling can be taken from changes in the lactate and phosphocreatine concentration in the knee extensor muscle by assuming that the values in this muscle represents a muscle mass equal to 25% of the body mass [11, 18, 19] . Subtracting the mass of the gluteus maximus muscles of about 2% of the body mass for each muscle (Medbø, unpublished data) leaves a working muscle mass in one leg distal to the blood sampling sites of ϳ10% of the body mass. We have calculated the distribution volume of lactate released from the working muscles. If lactate is evenly distributed in the whole blood volume amounting to 7% of the body or in the whole extracellular volume of ϳ25% of the body volume, the corresponding volumes covered by the release from one leg distal to the sampling site are then ϳ3 and 10%, respec-tively.
Distribution volume. A substance's concentration in a fluid is per definition the amount of substance dissolved divided by the fluid volume. If on the other hand the amount dissolved and its concentration are known, the volume can be taken as their ratio. We have calculated the amount of lactate released from one leg from the measured femoral-venous-arterial differences of lactate and the leg blood flow. Thus the distribution volume of the lactate released from the leg was taken as the ratio between the amount released and the measured concentrations in blood and plasma. The released lactate is schematically first distributed in the blood, then in the interstitial fluid, and later possibly taken up in other tissues. Thus if the calculated volume was no more than the blood volume (3%, see above), the blood lactate concentration was used. If the amount released exceeded that found in the blood compartment, the measured plasma lactate concentration, assumed to reflect the concentration of the interstitial fluid in well-perfused tissue too, was also used. To account for lactate present before each exercise, the resting lactate concentrations of 0.6 (whole blood) and 1.0 mmol l Ϫ1 (plasma) were subtracted from the measured concentrations after exercise before being used in the calculations described above.
Statistics. The data are given as meanϮSEM unless otherwise stated. Tests of statistical significance were carried out by t-tests using Bonferroni-correction for repeated comparisons.
RESULTS
The subjects were able to cycle at a constant power of 5.48Ϯ0.15 W kg Ϫ1 body mass for 122Ϯ3 s to exhaustion. The amount of work done during each of the three exhaustive rides carried out on separate days did not differ significantly (pϭ0.40).
Blood lactate concentration
During both exercises the blood lactate concentration rose, and the value continued to rise for some minutes into the recovery period (Fig. 1) . The arterial blood lactate concentration rose on average by 101 mol l Ϫ1 s Ϫ1 during the 2 min exhaustive ride compared with 12 mol l Ϫ1 s Ϫ1 in the first minute after the exercise. Later the blood lactate concentration rose slower until the peak lactate concentration in arterial blood of 14.2Ϯ0.8 mmol l Ϫ1 was found 214Ϯ29 s after the end of the exercise. The value remained nearly constant in the period 1 to 6 min after exercise (Fig.  1) .
During the 1 min nonexhaustive ride, the lactate concentration of arterial blood rose by a rate of 90 mol l Ϫ1 s Ϫ1 , which was not different from that during the exhaustive rides. The peak lactate concentration in arterial blood of 8.0Ϯ0.5 mmol l Ϫ1 was seen 116Ϯ17 s after the exercise (pϽ0.001 vs. the 2 min ride). The value fell thereafter, and 10 min into the recovery it had fallen 38%. At that time point and for the rest of the recovery period, the value after the nonexhaustive bout was 15 to 40% of the corresponding value after the 2 min exhaustive bicycling.
During the first few minutes of the recovery period, the lactate concentration in the femoral vein was 1 to 2 mmol l Ϫ1 higher than the corresponding value in the artery. Later in the recovery, the difference was less (Fig. 1) . In the recovery period, the plasma lactate concentration in arterial blood was ϳ60% higher than the corresponding values in whole blood, both for the 1 min nonexhaustive and for the 2 min exhaustive rides (see, for example, Medbø et al. [12] for details).
Muscle lactate concentration
To allow calculation of the total lactate production, the muscle lactate concentration before and immediately after the exercise was measured in a third experiment (Table 1) .
Leg blood flow and lactate release
The leg's release of lactate was taken from measured femoral-venous-arterial differences (v-a difference, the negative of the a-v difference) and the leg's blood flow during and after 2 min exhaustive bicycling and for 1 min bicycling at the same power (nonexhaustive). The v-a difference of blood lactate peaked at ϳ2 mmol l Ϫ1 near the end of both exercises, and for the first 6 min of the recovery the v-a differences were similar for the two experiments (pՆ0.2; Fig. 2A ). In the interval 10 to 20 min after exercise the v-a difference was less after the 1 min nonexhaustive than after the 2 min exhaustive bicycling (pϽ0.05).
The leg blood flow rose during exercise and peaked at ϳ2 ml s Ϫ1 kg Ϫ1 body mass in the latter part of the exercises and then fell when the bicycling was stopped (Fig. 2B) . From 3 min after the exercises and for the rest of the recovery period, the blood flow was less after the 1 min nonexhaustive bicycling than after 2 min exhaustive bicycling (pՅ0.02). The leg's rate of lactate release, taken as the v-a difference of the blood lactate concentration times the leg blood flow, rose during the first part of the exercise, peaked at ϳ3 mol s Ϫ1 kg Ϫ1 body mass near the end of the exercise, and fell thereafter (Fig. 2C) . In the interval 6 to 20 min after exercise, the rate of lactate release was higher after the exhaustive than after the nonexhaustive rides (pϽ0.05); apart from this there were no systematic differences between the two experiments.
The leg blood flow was measured by the dye dilution technique during the exercise and by the ultrasound Doppler technique in the recovery after. To allow for comparison, the blood flow 3 min into the Leg Release of Lactate after Bicycling The data are given in mmol kg Ϫ1 wet muscle mass. The exercise was carried out at 5.5Ϯ0.2 W kg Ϫ1 body mass, either for 1 min (nonexhaustive) or for 2 min to exhaustion. The data are meanϮSEM of seven subjects. Further details are given in a parallel study [6] . period was measured by both methods, and the two measures agreed within 10 to 15%. A possible systematic error of 15% is within the random variations between the subjects in this study.
Integrating the leg's release of lactate from the start of each exercise showed that during exercise the leg gave off 94Ϯ9 mol lactate kg Ϫ1 body mass (1 min nonexhaustive bicycling) and 265Ϯ17 mol lactate kg Ϫ1 body mass (2 min exhaustive bicycling). These amounts are 12 and 19% of the total release during the exercise plus recovery period for the 1 min nonexhaustive and the 2 min exhaustive bicyclings, respectively (see further data below). Data on the muscle lactate concentration on these subjects suggest that the amount released is 6 to 10% of all produced (see "Calculations and statistics" in the SUBJECTS, PROCE-DURES, AND METHOD section for further details). In the 45 min recovery period, 0.72Ϯ0.09 mmol lactate kg Ϫ1 body mass was released to the blood after the 1 min nonexhaustive ride. That corresponds to 7.2 mmol kg Ϫ1 wet muscle mass or ϳ50% of all produced. After the 2 min ride to exhaustion 1.17Ϯ0.22 mmol kg Ϫ1 body mass or 11.7 mmol kg Ϫ1 wet muscle mass was released to the blood. That amounts to 45% of all produced. When compared at the same time points in the recovery period, the amount of lactate released after the 1 min nonexhaustive bicycling was 60 to 80% of that released after the 2 min exhaustive bicycling (pϽ0.05). Since the blood lactate concentration in relative terms differed much more (Fig. 1) , there was an apparent mismatch between the amounts of lactate released from the leg and the blood lactate concentrations caused by these releases.
Estimated distribution volume of the released lactate
The apparent distribution volume of the lactate released from the leg was taken as the ratio between the amount of lactate released and the increase from rest in the lactate concentrations in whole blood and plasma as further explained in the methods. These distribution volumes rose continuously during the recovery period. Until 3 min after the exhaustive bicycling, the calculated distribution volume was not larger than the blood volume. Until 10 min after the nonexhaustive and until 20 min after the exhaustive bicycling, the calculated distribution volumes were not larger than those corresponding to the interstitial volume. Later in the recovery, the calculated distribution volumes explode, which is compatible with an uptake in other tissues. From 3 min after exercise and for the rest of the recovery period, the calculated distribution volume of the 1 min nonexhaustive exercise was larger than that of the 2 min exhaustive bicycling (pϽ0.01; Fig. 3 ).
DISCUSSION
The main results in this study were first that the blood lactate concentration rose by 12 mmol l Ϫ1 during the exhaustive exercise at a rate 10 times or more higher than in the recovery period. Second, the measured amount of lactate released from one leg below the hip was only 0.26 mmol kg Ϫ1 body mass during the exhaustive exercise. There was a maintained release for ϳ20 min into the recovery period, that is, long after the blood lactate concentration had begun to fall. Consequently, the calculated distribution volume of the released lactate rose continuously during the recovery. Then at a given time point the distribution volume was larger after the 1 min nonexhaustive than after the 2 min exhaustive bicycling.
Lactate release. The v-a difference of the blood lactate concentration of 1.5 to 2 mmol l Ϫ1 and the peak leg blood flow of ϳ2 ml s Ϫ1 kg Ϫ1 body mass are similar to values found by others during intense bicycling [20, 21] . Thus our measured values used for further calculations are in fair agreement with data obtained by others.
There have been different views on how much of the lactate that is produced is further released to the blood during intense exercise when large muscles are engaged. We first suggested that ϳ15% of all produced was released during 2 min treadmill running or exhaustive bicycling [10, 18] . As a result of measurements of the muscle glycogen concentration and other metabolites during exercise, we later suggested that no more than 10% of all lactate was released to the blood during exercise [2, 11] . That view has been heavily criticized [22] , since the amount released during a 3 min one-leg knee extensor exercise may be as much as 35% of all produced [4] .
The muscle lactate concentration in the knee extensor muscle rose by 26 mmol kg Ϫ1 wet muscle mass during the 2 min exhaustive ride, corresponding to a lactate production of 2.6 mmol kg Ϫ1 body mass for the working muscles in one leg below the sampling site. The release during exercise was 0.26 mmol kg Ϫ1 . Thus this study confirms our former idea [2, 11] that no more than 10% of all lactate produced during bicycling was released to the blood during the ride. This is in relative terms far less than the 35% found for knee extensor exercise, and the reason for the different conclusions should be sought. Our v-a difference of lactate was less than 2 mmol l
Ϫ1
. The leg blood flow was less than 20 ml s Ϫ1 kg Ϫ1 working muscle mass, and within 3 min after exercise it fell to ϳ8 ml s Ϫ1 kg
working muscle mass. The v-a difference during Bangsbo et al.'s [4] knee extensor exercise was 3.5 to 4 mmol l Ϫ1 during most of the 3 to 4 min exercise period; their peak blood flow was ϳ24 ml s Ϫ1 kg Ϫ1 working muscle mass, and it stayed quite high for several minutes into the recovery. Consequently the lactate release per kilogram of working muscle in that study was 3 to 4 times higher than in our study. Moreover, if 35% of the lactate produced during intense bicycling or treadmill running activating a muscle mass of ϳ25% of the body mass was released during exercise, the blood lactate concentration would rise to 55 to 60 mmol l Ϫ1 if the distribution volume was the same as after knee extensor exercise. Values that high have not been reported. These considerations suggest that the data of Bangsbo et al. [4] may have little relevance for bicycling, treadmill running, or other exercises activating a large muscle mass, and vice versa.
Half of all the lactate recorded released during the 2 min exhaustive exercise was released during the last 30 s and the first 20 s of the recovery (the time when the first postexercise blood sample was obtained). Thus for exercise lasting less than 2 min, relatively less lactate may be released to the blood during exercise. If the rates of release are similar to that of the 2 min ride to exhaustion, only 2, 3, and 4%, respectively, of the lactate produced during 10 to 15, 30, and 60 s exhaustive bicycling [11, 18, 23] is released to the blood during the exercise in question. We have in former studies not included the lactate release when we have quantified the energy turnover during exercise [11, 23] , but the calculations above suggest that the error introduced is small.
Our calculations of the amounts of lactate released from the leg disregard a possible redistribution of lactate within the leg, that is, a possible uptake in nonactive tissue within the leg. This is probably a small problem. First, the uptake is only 2 to 3 mol s Ϫ1 kg
wet muscle mass even after one-leg exercise that activates a small muscle mass, and the uptake increases by the perfusion [24, 25] . This latter finding means that a possible uptake would probably be even less in our experiments where the perfusion of nonactive tissues may be reduced. The uptake of lactate in the liver is ϳ1 mmol min Ϫ1 [26, 27] , which is even less than the uptake in an inactive leg. The uptake in the arm is small during bicycling and too small to be detected in the recovery after exercise [28] . Second, biomechanical analyses show that the hamstring muscles do much work on the ergometer during bicycling, although their contribution is less than that of the knee and hip extensors, and even the calf muscles do 10 to 15% of the work during bicycling [29, 30] . Therefore, although the lactate concentration in the hamstrings and calf muscles may be less than in the knee extensors at exhaustion, the values are probably much higher than at rest. If that is so, these muscles would release lactate to the blood instead of taking it up. So in contrast to knee extensor exercise, there should not be much inactive muscle tissue in the leg available for a possible uptake. Third, comparing the calf blood flow data of Hermansen and Vaage [3] with ours suggests that ϳ10% of the leg blood flow goes to the calf, a value that compares favorably with the calf muscles' part of the work during bicycling. As a result and contrary to the situation for knee extensor exercise [4] , there should be no need to occlude the lower leg when blood samples are drawn (Medbø, unpublished observations) .
Extracellular distribution volume. We found that the apparent distribution volume of the lactate released from the leg was very small during the exercises, but it rose continuously during recovery. This is in line with other data showing that it takes 10 to 20 min before even small electrolytes are equilibrated in the extracellular fluid [7, 8] . What is new in our study is that at each time point, the apparent distribution volume was about twice as large after the 1 min nonexhaustive as after the 2 min exhaustive ride. We also give quantitative data on the apparent distribution volume at various times.
The lactate concentration in arterial blood rose by a nearly constant rate of ϳ100 mol s Ϫ1 l Ϫ1 blood during bicycling. In the first minute after, the rate of rise was ϳ10% of that during the exercise, and during the next 2 min, it was even less. Despite the slow rate of rise in the lactate concentration in the early recovery and the further fall after the peak value was seen, the leg gave off lactate for ϳ20 min. This apparent mismatch can be explained by a steadily increasing distribution volume of the released lactate.
It is a common experience that if more than one intense bout of exercise is carried out a few minutes apart, the blood lactate concentration rises less during and after the second and possible third bout than after the first (see, for example, Bodganis et al. [31] ). The blood lactate concentration depends not only on the lactate production and release from working muscles. As shown by the following numeric example, the measured concentration is also highly sensitive to variations in the distribution volume of the released lactate: Assume that three intense exercise bouts are carried out a few minutes apart, and after each bout 100 mmol of lactate is released to the blood. The lactate released after the first bout is distributed in a volume of 10 l, and the measured concentration therefore rises by 10 mmol l
. Assume then that the distribution volumes expand by time, and after the second and third bouts they are 15 and 20 l, respectively. The measured lactate concentration after the second and third bouts will therefore be 200 mmol/15 lϭ13.3 mmol l Ϫ1 and 300 mmol/20 lϭ15 mmol l Ϫ1 above the preexercise value, respectively. Thus even though the amounts released were the same after all exercises, the blood lactate concentrations would rise by 10, 3.3, and 1.7 mmol l Ϫ1 , respectively, that is, by a ratio of 6 : 2 : 1 between the three bouts in this example. This shows that conclusions on the anaerobic energy release drawn only from changes in the blood lactate concentrations may be very misleading.
It has been quite common to assume that the released lactate is quickly equilibrated throughout not only the extracellular space, but even taken up by nonactive tissues. For example, based on this assumption and measurements of the blood lactate concentration, Freund and co-workers have in several studies modeled the transfer and elimination of lactate within the body after exercise [32, 33] . Although their modeled data fit closely to their measured values, our study gives reason to question the physical interpretation of their modeling. Moreover, our study showed clear differences between the blood lactate concentrations in the femoral vein and artery, and the values in the finger capillaries differ from the two other entities (not shown here; see, for example, figure 1A in Medbø et al. [6] for a comparison). Thus the fitted model parameters, assumed to reflect basic physiological processes, will probably vary depending on where the blood lactate concentration is measured.
Possible mechanisms for the different distribution volumes. It is well known that during exercise, blood is redistributed to the exercising muscles, and control through the sympathetic nervous system is important. When large muscles are intensively activated, the heart cannot pump enough blood to supply all the muscles with all the O 2 they can consume; there is thus an increasing spillover of noradrenalin, reflecting an increasing sympathetic activity, as an increasing muscle mass is engaged [34] . In line with this, a common experience is that it may be difficult to obtain blood from a finger after exercise, especially if the exercise has been carried out to exhaustion. Thus, not only is blood redistributed to the active muscles during exercise. The situation may persist in the recovery after exercise too, and perhaps to a larger extent and for a longer time after exhaustive exercise than after nonexhaustive exercise. If so, the extracellular distribution volume may be less after exhaustive than after nonexhaustive exercise. The very high blood lactate concentrations seen after short exhaustive sprints [5, 6, 35] may be a consequence of a high sympathetic activity persisting after exhaustive exercise, thus leading to a small distribution volume of the released lactate.
Even if the perfusion of nonactive tissue is reduced after exercise, it may seem surprising that it takes 10 to 20 min before the apparent distribution volume equaled the extracellular space ( [7, 8] , this study). By diffusion alone small ions like lactate may distribute over a distance of 0.5 mm in ϳ1 min (time constant of exponential equilibration). Thus if open capillaries are 1 mm or less apart, full equilibration within the perfused tissue should take place within a few minutes. This view may be too simple, however, since the blood may be unevenly distributed not only in resting, but also in electrically stimulated muscles, and the uneven distribution is seen even over a time span of 10 min [36] . So even though some parts of inactive tissue may be quite well perfused, other parts may remain poorly perfused for a long time after exercise. If this is true, the apparent distribution volume of released lactate will be small.
Conclusions. Relatively little lactate was released to the blood during exercise, but the release continued after the peak blood lactate concentration was seen. The apparent distribution volume of the released lactate was less after 2 min of exhaustive bicy-cling than after 1 min of nonexhaustive bicycling.
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